Neutralizing monoclonal antibody (BX-182) directed against the d determinant of hepatitis B virus (HBV) surface antigen protected chimpanzees from infection by HBV subtype adw but not by subtype ayw, as demonstrated by intravenously inoculating a mixture of the antibody with the respective subtype of the virus. To elucidate the mechanism underlying the subtype-specific protection, a combinatorial approach of screening random peptide phage libraries, bioinformatics, and structure analysis was used in this study to identify the neutralization epitope responsible for the observed protection. The epitope was mapped at the N terminus of the pre-S1 region of the hepatitis B surface antigen between residues 17 and 21, of which the residues Val-18͞Pro-19 were critical for antibody binding. Alignment of amino acid sequences derived from diverse genetic variants of HBV revealed that the epitope was present in ad subtypes and in their corresponding genotypes A, B, C, F, and H. By contrast, this epitope was not found in a majority of ay subtypes or in genotypes D, E, and G, where the antigenic residues Val-18͞Pro-19 within the epitope were replaced by Thr͞Ser, Thr͞Thr, or Ala͞Ser, respectively, resulting in a drastic conformational change of the epitope. These data indicate that, by binding discriminately to the subtype ''d'' epitope in the pre-S1 region, neutralizing antibody BX-182 protects chimpanzees from HBV infection in a subtype-specific manner, suggesting a potential escape mechanism for HBV genetic variants.
H
epatitis B virus (HBV) is a blood-borne hepatotrophic virus that infects an estimated 350 million people worldwide (1) . Besides the manifestations associated with acute hepatitis, chronic HBV infection constitutes a significantly high risk for the development of liver cirrhosis and hepatocellular carcinoma (2) .
HBV is a small enveloped partially double-stranded DNA virus that belongs to the family Hepadnaviridae. The HBV surface antigen (HBsAg), a specific serologic marker, is composed of the large (L), middle (M), and small (S) protein subunits. These subunits are encoded by a single ORF containing three in-frame translational initiation codons and share a common C-terminal S ORF, which defines the pre-S1 (residues 1-108 or 1-119, depending on the serological subtype), pre-S2 (residues 120-174), and S (residues 175-400) regions. The S protein serves as a membrane anchor and plays an important role in virus assembly and, possibly, membrane fusion. The M protein contains the pre-S2 and the S regions. The L protein contains all three regions; it is preferentially present on the infectious virus particle and is essential for both viral assembly and infectivity (3) . HBsAg derived from different strains carries serologically defined group-specific determinants, designated by a common a determinant and two sets of mutually exclusive subdeterminants d͞y and w͞r. Therefore, four HBsAg subtypes, including adw, adr, ayw, and ayr, represent the major viral phenotypes (4) . Recently, according to the homogeneity of the virus sequence, eight HBV genotypes, A-H, have been classified based primarily on an intergenotype divergence of Ͼ8% (5) (6) (7) (8) . The correlation between serologic subtypes and genotypes has been partially established (9) . Strikingly, the prevalence of different genotypes varies geographically and is strongly associated with ethnicity. Genotype A is prevalent mainly in northwestern Europe and North America (10) . Genotypes B and C are highly prevalent in Asia. Genotype D has been distributed worldwide, but is predominant in the Mediterranean region. Genotype E is restricted almost entirely to West Africa, and genotype F is prevalent in Central and South America. Genotype G was found in Europe and the United States (8) . However, intertypic recombinations between different HBV genotypes have been noted recently (11) (12) (13) (14) . Studies relating to the impact of viral variation on the clinical course of disease have drawn considerable recent attention (10, 15) .
HBV vaccine and plasma-derived hepatitis B immune globulin (HBIG) have been very successful in both actively and passively neutralizing HBV infection. However, the emergence of HBV variants͞mutants in vaccinated children (HBIG and HBV vaccine) and the limited availability of plasma-derived HBIG are growing concerns (16) (17) (18) . Unfortunately, because of the species-specificity of HBV infection, the efficacy of neutralizing antibodies in vivo requires evaluation in chimpanzees, although in vitro models have shown some promise (19, 20) . Despite this limitation, increasing evidence demonstrates that humoral immunity is important for protection from HBV infection. Earlier studies demonstrated that antibodies against the common a determinant of the S protein or the pre-S1 peptide (residues 21-47) neutralized HBV infection in chimpanzees and humans (21) (22) (23) (24) (25) (26) (27) (28) . Recent studies, using primary hepatocytes from Tupaia belangeri as a model system, mapped an essential domain for the virus binding to the receptor at the N terminus of pre-S1 (19, 29) .
In this study, using a combinatorial approach of screening random peptide phage display libraries, bioinformatics and analysis of structure as a function of sequence, we have identified a neutralization epitope responsible for an antibody exerting its subtype-specific protection in chimpanzees. This study illustrates a molecular mechanism for the neutralization of HBV infection in a subtype͞genotype-specific manner.
not show any significant binding to ay-related subtypes. As a control, Rb8202, a rabbit antiserum known to react with the common a determinant of HBsAg, showed no preference between ad-and ay-related subtypes, although it failed to bind some subtypes, including adw4, adr, ayw, and ayr. One of the simplest explanations is that Rb-8202 reacts with only a part of ''a'' determinant. Nevertheless, these data demonstrated that BX-182 could discriminate ad subtypes from ay subtypes. To determine whether CH-1404 had remained fully susceptible to infection with HBV, it was challenged again, in the absence of BX-182, at week 55 by the same inoculum containing 10 3 CID 50 of HBV adw subtype. As expected, both HBsAg and anti-HBc became positive at week 16 after challenge, and serum ALT levels became elevated at week 15, thereby demonstrating susceptibility of the chimpanzee to HBV infection. These data demonstrated that BX-182 neutralized the infectivity of the HBV adw subtype in the chimpanzee model.
In contrast, chimpanzee CH-1419, infused with an incubation mixture of the inoculum of ayw subtype and BX-182 antibody, was infected by HBV and developed hepatitis B. Serum HBsAg became positive at week 6 after inoculation and remained positive for 20 weeks. Seroconversion, as indicated by the appearance of anti-HBc, was observed 3 weeks after inoculation. The ALT level was elevated at week 14. These results indicate that BX-182 did not react with HBV ay subtypes in vitro and demonstrate that BX-182 blocked HBV infection in vivo in a subtype-dependent manner.
Mapping of Neutralization Epitope. Blocking the virus infectivity in a chimpanzee by the binding of BX-182 antibody to HBV adw inoculum prompted us to map the neutralization epitope(s). Initially, we screened a random peptide phage library (C 7 C) with the BX-182 antibody. Because the phage displayed a looped heptapeptide, we reasoned that the local ''criticality'' of nonlinear amino acid residues could be revealed by their recognition by BX-182 antibody. As indicated in Table 2 , after four rounds of selection, 9 of 10 sequenced clones had the same displayed peptide (ThrAsnProValLeuArgSer). These data suggested that that these amino acid residues, irrespective of their linear organization, mimicked the conformation of the BX-182-binding site on HBsAg.
Once the critical amino acid residues within the epitope were identified, we screened a second library (M 12 ) displaying a linear dodecapeptide to further determine the linear arrangement of these residues. As a result, two relevant peptide sequences were identified after three rounds of selection. The first peptide, SerValProProProHisThrArgSerAlaSerGly, showed a preferential usage of residues that were similar to the peptide ThrAsnProValLeuArgSer, detected by phage library C 7 C. In particular, both Val and Pro residues and, to some extent, the Ser residue, were found to be essential components for antibody binding. The second peptide showed no significant similarity to the looped heptapeptide or obvious sequence homology to the HBsAg. Whether this peptide mimicked the conformation of the antibody-binding site requires further investigation.
To relate phage-displayed peptides to the antibody-binding site(s) on the HBV, we performed BLAST searches on the HBsAg sequence of adw subtype. It was evident that the N terminus of the linear dodecapeptide SerValProProProHisThrArgSerAlaSerGly had a significant sequence homology with the pre-S1 region of HBsAg (Fig. 2) . Notably, the wild-type adw subtype sequence contained SerValProAsnPro. The replacement of Asn by Pro in phage-displayed peptides suggested that Asn was not crucial for the binding. Knowing that the looped heptapeptide (ThrAsnProValLeuArgSer) mimicked the pre-S1 epitope by a spatial arrangement of four residues (Asn, Pro, Val, and Ser), this study demonstrated that the neutralization epitope was located at the N terminus of the pre-S1 region of HBsAg from HBV adw subtype, precisely between residues 17 and 21. Because the protection by BX-182 was subtype-specific, we examined whether subtype-dependent neutralization could be attributed to the differences in sequence of identified epitopes among subtypes (Fig. 3) . We found that the identified epitope was present in ad-related subtypes but absent in a majority of ay-related subtypes. Furthermore, depending on ay subtypes, the two critical residues Val-18͞Pro-19 within the epitope were replaced by residues of Thr͞Ser and Thr͞Thr. Therefore, residues Val͞ Pro inside the neutralization epitope constituted a core sequence essential for antibody binding.
To determine the occurrence of the neutralization epitope in various HBV genotypes, we analyzed sequences of all known HBV genotypes (A-H) for epitope variants (Fig. 3) . The identified epitope was found in genotypes A, B, C, F, and H and was absent from genotypes D, E, and G, where Val-18͞Pro-19 were, again, replaced by residues of Thr͞Ser, Thr͞Thr, and Ala͞Ser, respectively. Thus, these data established a clear correlation between the subtype and genotype with regard to the occurrence of this functional neutralization epitope.
Structural Basis of Neutralization Epitope and Its Variants for the
Binding of BX-182. Elucidation of epitope structure is an integral part of studying antigen-antibody interactions. However, lack of the crystal structure of HBsAg hampered our effort to precisely demonstrate the conformational differences between the neutralization epitope and its variants. Consequently, the structural tendencies of the pentapeptides for the epitope and variants were studied by comparative analysis of crystals with these short sequences and by theoretical calculations using a simulated annealing protocol. Sequence searches of protein crystal structures deposited in the Protein Data Bank located only one protein with the wild-type SVPNP sequence (glutaminyl tRNA synthetase), so the conservative point mutants TVPNP and SVPQP were included to broaden the sample. A comparison of structural features of representative proteins for both these and the nonantigenic variants STSNP, STTNP, and SASNP is presented in Table 3 ; backbone aligned pentapeptides from these proteins are also depicted in Fig. 4 . The most significant point is the greater conservation of backbone structure for the VPcontaining sequences, which tends to present the hydrophobic Val and Pro side chains in a fixed orientation with respect to each other. The secondary structure classification and dihedrals listed in Table 3 suggest that the xVPxP sequences have similar structures (Fig. 4) . On the other hand, a greater variability and different turn shapes were observed for the non-VP variants.
The conformational tendencies were further studied by analyzing the results of simulated annealing calculations for five sequences: SVPNP, STTNP, STSNP, SASNP, and AAAAA as a control. The cluster analysis, based on the backbone flexibility, showed a small number of discrete conformational substates found for the SVPNP sequence, indicating a greater rigidity ( Table 4 ). The average pair-wise rms difference (RMSD), indicated as ϽRMSDijϾ and its standard deviation, are also both significantly smaller for the SVPNP epitope sequence, further indicating greater rigidity than any of other epitope variants. The portions of the sequences in bold are significant. *Secondary structure (SS) classification and torsion values determined by using the STRIDE program. † Replicas are subunits of a multimer, duplicate PDB depositions of the same protein, or both; number in parentheses indicates subunits. Fig. 2 . Mapping of pre-S1 amino acid sequence required for BX-182 binding. The peptides identified from each phage library, either linear or conformational, are indicated. Residues that are identical to the pre-S1 region (adw) are underlined by an arrow. The arrangement of the residues in the peptide critical for the binding of BX-182 is indicated by the direction of the arrow. Fig. 3 . Alignment of amino acid sequences of the pre-S1 regions among various HBV genotypes. A consensus sequence of N-terminal pre-S1 between amino acid residues 1 and 40 is shown. The residues of genotypes A-H contributing to the subtype-specific protection are shaded. A hyphen indicates an amino acid residue identical to that of the consensus sequence. An empty space represents an amino acid deletion.
Discussion
Illustrating the mechanism for HBV subtype͞genotype-specific neutralization is of great importance with regard to vaccination and therapy with hyperimmune globulin. Earlier experiments showed that cross-protection could be achieved when chimpanzees were vaccinated with S protein of HBsAg, irrespective of the subtype used in the vaccine or challenge, consistent with the conserved nature of the common a determinant. However, the majority of antibodies generated immediately after vaccination were subtypespecific. For instance, immunization of humans or chimpanzees with S protein of adw initially gave rise to d-specific antibodies, and only with time was the immune response broadened to include antibodies against the a determinant (30, 31). Subtype specificity was further demonstrated by the influence of viral subtypes on both humoral and T cell immune responses to the pre-S2 (32, 33) . However, demonstration of the functional significance of these subtypes has been difficult because there is no currently available assay that can discriminate subtle changes in amino acid sequence and precisely predict the corresponding function. In this study, we showed that monoclonal antibody BX-182 is highly, if not exclusively, d subtype-specific in vitro. More importantly, BX-182 is able to block HBV infectivity of the adw, but not the ayw, subtype in chimpanzees.
It was this unique feature of BX-182 that allowed us to apply random peptide phage-display techniques to map the HBV neutralization epitope of BX-182. The neutralization epitope was found to be located at the N terminus of the pre-S1, precisely between amino acid residues 17 and 21. This result was unexpected, because it had been reported that the d͞y subtypes were determined by residue 122 of the S antigen (7, 34) . Nevertheless, our results suggest that the distinctions between d and y subtypes may be determined by at least two epitopes.
The mechanism for the subtype-specific protection was illustrated in our study. By comparing the amino acid sequences of the adw and ayw subtypes, we found that subtype specificity was determined by the binding of neutralizing antibody to a region of epitope where the subtypes differed by two amino acid residues. The epitope in adw contains 18 Val͞ 19 Pro, whereas these amino acids are replaced by hydrophilic residues Thr͞Ser in the ayw1, 2, and 3 subtypes. As a consequence of these substitutions, the conformation of the epitope, as predicted by 3D modeling and analysis of crystal structures, was drastically changed. Our data, therefore, provide a molecular basis for the differential HBV subtype ad͞ay protection observed in chimpanzees.
The location of the neutralization epitope at the N terminus of pre-S1 has virologic relevance because pre-S1 had been suggested to be important for the attachment and uptake of HBV. In fact, peptide derived from pre-S1 between residues 21 and 47 of genotype A could inhibit the binding of HBsAg to both human hepatic cells (35) and human hepatic membranes (36) , providing a basis for the design of a pre-S1 (residues 2-36)-containing hepatitis B vaccine that has been licensed in Europe (37) . Supporting these studies, recent experiments using the primary tupaia hepatocyte culture as a model demonstrated that HBV infectivity could be inhibited efficiently by pre-S1 lipopeptides and suggested that the essential domain for the virus binding was located between residues 20 and 29 (29, 38) . Our data identify a neutralization epitope that partially overlaps the essential virus-binding domain described in these studies. Although we have not proven that the identified epitope is directly involved in the binding of HBV to its hepatocyte receptor, the steric hindrance generated by the binding of BX-182 to the neutralization epitope contributes to the disruption of the interactions of HBV with hepatocytes in vivo.
The data presented here are relevant to our understanding of the interplay between HBV and host immune responses. Currently, there are at least eight different genotypes and four major subtypes of HBV. In chronic carriers, these naturally occurring variants may exist as the predominant HBV population as a result of selective pressures. By demonstrating that not all subtypes͞genotypes possess the pre-S1 neutralization epitope, we suggest that variants lacking neutralization epitopes may have advantages in escaping antibody response. This concept needs to be developed further because, in a clinical setting, depending on the harbored virus genotypes͞subtypes in patients, the initial sensitivity of virus to a SVPNP  STTNP  STSNP  SASNP  AAAAA   25  5  12  16  18  215  30  3  7  13  12  16  35  2  6  95  12  16  40  2  6  7  11  13  45  2  5  6  8  12  50  2  5  5  7 neutralizing antibody dictates clinical outcomes (15) . Therefore, for a successful prophylactic and therapeutic intervention, humoral immune responses must be exceptionally broad and potent against multiple neutralization epitopes to control preexisting variants and to limit viral evolution. Our findings, thus, open up a new possibility to improve prophylaxis and treatment of HBV infection as well as HBV vaccine design based on subtype-specific epitope structures.
Materials and Methods
Antibodies. A monoclonal antibody, BX-182, was raised against HBsAg after immunization of mice with HBsAg of adw subtype (39) . The specificity for the subdeterminants of HBsAg, as demonstrated by a radioimmunoprecipitation assay, was identified by its reaction with [ 125 I]HBsAg of ad, but not ay, subtype. Before this antibody was used, it was further purified by protein A-affinity chromatography. As an experimental control, rabbit anti-S 1-20 was generated by immunizing with a synthetic peptide composed of residues 1 and 20 of the N terminus of S protein.
HBV Inocula. Two standard wild-type HBV inocula, adw and ayw, kindly provided by Robert Purcell (National Institutes of Health), were used for this experiment. The infectivity of these strains in chimpanzees had already been determined.
Chimpanzee Studies. Two chimpanzees, CH-1404 and CH-1419, were used in this study. The housing, maintenance, and care of these chimpanzees met or exceeded all relevant guidelines and requirements. These chimpanzees had not been inoculated with any HBV-containing materials and were seronegative for all HBVassociated serologic markers. CH-1404 was given an i.v. injection of a mixture of monoclonal antibody BX-182 with an HBV inoculum of adw subtype at 10 3 CID 50 . The antibody was present in a 740-fold excess over equivalent antibody͞antigen ratios, as determined by an antibody-inhibition assay. CH-1419 was infused with an HBV inoculum of ayw subtype at 10 3 CID 50 that was preincubated with the same quantity of anti-adw monoclonal antibody BX-182. Each mixture was prepared by incubation at 4°C overnight before inoculation. After i.v. infusion of the antibody and virus mixture, serum samples were collected weekly.
Hepatitis B Markers. Serum ALT levels were measured by standard methods (Antech, Baltimore). ALT was considered elevated when it reached levels twice the upper limit of normal. Sera were also assayed weekly with an enzyme immunoassay method (Abbott) for serological markers of hepatitis B, including HBsAg, anti-HBs, and anti-HBc.
Phage Display. Two random peptide phage-display libraries, C 7 C and M 12, were used for mapping the HBV epitopes (40) . The C 7 C library displayed seven amino acid residues by flanking the two designed cysteine residues on the coat protein pIII of M13 filamentous phage. The two Cys residues formed a disulfide bond to present a loop structure, permitting the local criticality of nonlinear amino acid residue arrangements. M 12 , on the other hand, was a linear peptide library. Each phage clone displayed a dodecapeptide on the surface of the pIII of M13. These two libraries contained at least 10 9 independent clones. Selection Phage Clones. The two phage-displayed random peptide libraries were biopanned independently with the monoclonal antibody BX-182; a protein A-immunoprecipitation method was used to capture reactive phage clones. Briefly, phage (10 9 plaque-forming units) were incubated with BX-182 in Trisbuffered saline (pH 7.2) containing 0.1% Tween 20 for 20 min at room temperature, followed by adding protein A beads for an additional 20 min. Unbound phage were removed by a series of 10 2-min washes with Tris-buffered saline (pH 7.2) containing 0.2% Tween 20. Captured phage were eluted by adding 100 l of 0.1 M HCl and shaking vigorously for 10 min. The eluted phage clones were immediately neutralized with 33 l of 1 M Tris⅐HCl (pH 8.0). Half of the eluted phage were amplified in Escherichia coli ER 2738 and harvested for further biopanning. After three or four rounds of selection and amplification, the specific region of phage DNA, which was extracted from the individual clones, was sequenced. Peptide sequences were deduced by GENERUNNER software from phage DNA sequence.
Bioinformatics Analysis. DNA sequences derived from different genetic variants were retrieved from the National Center for Biotechnology Information database. We performed BLAST searches with the peptide sequences selected by the monoclonal antibody BX-182 to identify homology with HBsAg L protein. The algorithm was based on the alignment of a pair of linked amino acid residues within the antigen to generate the core residues of the predicted epitope. Based on the location of core residues within the L protein of HBsAg and the frequency of selected amino acid residues within the reactive phage peptide from both libraries, the validity of the interpretation of epitope was made.
Peptide Structural Analysis. The relationship between pentapeptide sequence and 3D structure was examined by two distinct approaches. First, the RCSB Protein Data Bank of macromolecular structure data (41) was searched for the SVPNP epitope sequence and conservative mutants TVPNP and SVPQP and for the variant sequences with VP replaced by TS, TT, or AS. Each of the proteins found was analyzed by using the STRIDE program (42) for secondary structure classification based on the , dihedral angles for the pentapeptide sequences. In the first phase, replicate structures were compared, such as multiple depositions of the same protein and proteins with multiple identical subunits. For all such cases, the variability in the backbone torsions was small, within roughly 5-10°o f each other, and a single protein or subunit was chosen to represent all of the replicas.
In the second approach, the sequences SVPNP, STSNP, STTNP, SASNP, and AAAAA were subjected to a simulated annealing procedure (43) to generate 200 structures for each sequence, which were then analyzed for structural tendencies; the sampling and analyses were performed by using the CHARMM program (44) . In brief, a pentapeptide with neutral end caps (acetyl and methylamine) for each sequence was rapidly heated to 600 K and cooled in stages to 100 K by using low-friction Langevin dynamics; the procedure was run 200 times for each sequence, with different initial velocities. Each of the ensembles of 200 structures was analyzed by clustering of the backbone , torsions, and by a full-backbone atom RMSD pair-wise cross-analysis (N, C␣, and C atoms only). In the cluster analysis, the number of clusters found as a function of the cluster radius R was evaluated as a measure of structural diversity. The clustering uses a straightforward leastsquares approach; a given conformation belongs to a cluster when
where k is one of the backbone torsions, and k°i s the average k for current members of the cluster. The clustering method accounts for periodicity, i.e., 175°and Ϫ175°are only 10°apart and not 350°apart when computing the difference. The other main analysis of the simulating annealing results was based on a full pair-wise RMSD of the backbone atoms for all 200 structures after alignment. The statistic ϽRMSDijϾ was computed as the average over the unique pairs, where the range for i is 2-200, and j Ͻ i, or the lower third of the pair-wise symmetric matrix.
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